OBJECTIVEdInsulin resistance dysregulates glucose uptake and other functions in brain areas affected by Alzheimer disease. Insulin resistance may play a role in Alzheimer disease etiopathogenesis. This longitudinal study examined whether insulin resistance among late middle-aged, cognitively healthy individuals was associated with 1) less gray matter in Alzheimer disease-sensitive brain regions and 2) worse cognitive performance.
I
nsulin signaling dysfunction adversely affects several neural processes, such as glucose uptake, and may precipitate brain atrophy in Alzheimer disease. People with Alzheimer disease often have higher insulin resistance (1), which reflects increased insulin levels and reduced binding efficacy on neuronal synapses and astrocytes (2) . Insulin resistance may contribute to the etiopathogenesis of Alzheimer disease. Insulin resistance increases with age, poor diet, and lack of exercise, exerting adverse effects that may be distinctive from hyperglycemia in conditions such as type 2 diabetes (2,3). For instance, in the Rotterdam study, either a doubling of basal insulin levels or insulin resistance was associated with a 40% increased likelihood of converting to Alzheimer disease at a 3-year follow-up from baseline (4) . This relationship remained stable even after removal of participants with type 2 diabetes. In aged rhesus monkeys, a composite factor of insulin resistance and dyslipidemia was related to mitochondrial dysregulation in hippocampal regions (5) . Conversely, long-term calorie restriction in older rhesus macaques raised insulin sensitivity, which predicted greater hippocampal volume; this relationship in turn mediated improved motor learning (6) .
Insulin signaling normally facilitates microvascular blood flow, glucose uptake, and glucose oxidation for ATP generation (7) . These effects predominantly occur in specific brain regions that have a high concentration of insulin receptors in rodents and are also affected by early Alzheimer disease, such as hippocampus, the prefrontal cortices, and cingulate gyrus (2, 8, 9) . Insulin has other critical functions such as reducing accumulation and oligomerization of amyloid b (10,11), as well as reducing hyperphosphorylation of t protein (12) .
The effects of insulin resistance on brain volume are not well characterized. For regional gray matter volume, human studies have almost exclusively focused on the hippocampus. In a cross-sectional analysis of healthy later middle-aged to aged people, poor glucoregulation as assessed by a glucose tolerance test corresponded to lower hippocampal volume and poorer delayed recall on the Wechsler Paragraph test (3) . Higher basal insulin resistance was also cross-sectionally associated with lower hippocampal volume and worse cognitive performance in healthy middle-aged women (13) . In longitudinally assessed aged humans, higher fasting insulin showed small albeit significant correlations with gray matter atrophy in orbitofrontal cortex and hippocampus (14) . Some groups, however, have not found this relationship between insulin resistance and hippocampus in late middleaged (15) or geriatric (16) adults.
Beyond the hippocampus, however, higher insulin reflective of insulin resistance does affect the cingulate cortices in early Alzheimer disease, although the relationship is paradoxically beneficial (17) . We similarly found that lower insulin sensitivity predicted higher anterior cingulate gray matter in aged rhesus macaques fed an enriched, nonrestricted diet (6) . Others have found that higher insulin resistance, as measured by the quantitative insulin sensitivity check index, corresponded to less hippocampal and prefrontal gray matter in adolescents and young adults (18) . Presently, there is a lack of longitudinal work that clarifies the relationship between insulin resistance, brain volume, and cognition (19) .
In this study, we used voxel-wise methods (20) to test the relationship between insulin resistance and regional gray matter volume at baseline and follow-up roughly 4 years later in a middle-aged sample of healthy adults. Insulin resistance was indexed by the homeostasis model assessment of insulin resistance (HOMA-IR) (21) . Regional gray matter volume was indexed by baseline and follow-up T1-weighted magnetic resonance imaging (MRI). We hypothesized that higher HOMA-IR would be associated with less gray matter at baseline and progressive atrophy in brain regions that are sensitive to insulin-signaling dynamics and affected by Alzheimer disease. Some of these regions include the anterior medial temporal lobe, prefrontal gyri, cingulate cortices, precuneus, and insula (2, 8, 10, 14, 17) . Additionally, we tested for an interaction between HOMA-IR and poor glucoregulatory control, defined as a participant having prediabetes or type 2 diabetes. Higher HOMA-IR among participants with these conditions, but not in normoglycemic control subjects, corresponded to less glucose uptake in brain regions affected by early Alzheimer disease (22) . By contrast, higher HOMA-IR showed no unique associations with regional gray matter in aged adults with type 1 or type 2 diabetes (16) .
A final aim was to use a noncircular, independent region-of-interest approach (23) to examine whether insulin resistance, mean gray matter volume in hippocampus and parahippocampus, and Rey Auditory Verbal Learning Test (RAVLT) performance were interrelated at baseline and follow-up. Our primary interest was to see whether less gray matter mediated lower RAVLT scores specifically through the predicted influence of insulin resistance, suggesting that insulin resistance could be one factor that induces brain atrophy and consequently affects cognition. Impaired episodic memory retrieval is a hallmark of early Alzheimer disease (24) , and both deficits in glucose regulation and lower hippocampal volume are associated with episodic memory decline in healthy middle-aged to older adults (3). The region of interest was chosen because anterior medial temporal areas, particularly entorhinal cortex and hippocampus, are sensitive to early Alzheimer disease (25, 26) . By examining a unique cohort, the Wisconsin Registry for Alzheimer's Prevention (WRAP) (27), we were able to ascertain the relationship of insulin resistance with brain volume and cognition while controlling for known Alzheimer disease risk factors such as parental family history of Alzheimer disease and apolipoprotein (APO)E genotype (28, 29) .
RESEARCH DESIGN AND
METHODSdThree hundred and seventy-two late middle-aged, asymptomatic participants (mean 6 SD age 57.66 6 7.52 years) were assessed. A consecutive subset of participants (n = 121) had a follow-up volumetric brain scan roughly 4 years after the baseline scan (mean time elapsed 3.79 6 0.99 years). Demographic information is available in Table 1 . Participants are part of an ongoing study for WRAP, which investigates the contribution of Alzheimer disease risk factors to changes in cognition and brain over time (27) Insulin resistance, BMI, and diabetes status Basal glucose and basal insulin were collected in participants fasted for at least 12 h near the time of the MRI scan. Insulin resistance was determined by calculating HOMA-IR, which strongly correlates with the euglycemic-hyperinsulinemic clamp method of determining insulin-signaling efficacy (21) . HOMA-IR was calculated using the following equation: Data are n or means 6 SD. Education was determined at the onset of WRAP.
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BMI was used as a covariate because obesity can adversely affect the brain through nonmetabolic mechanisms such as inflammation (31). The presence of type 2 diabetes or prediabetes was determined from fasted blood glucose using current guidelines from the American Diabetes Association summarized in Table 1 . Given that some participants classified as having prediabetes may have lower blood glucose because of type 2 diabetes medication, and the small number of participants with type 2 diabetes, both groups were combined for subsequent analysis.
APOE genotyping
Determination of APOE genotype has previously been described (28) . In brief, DNA was isolated and nested PCR amplification used to analyze two single nucleotide polymorphisms (SNPs) of interest: rs429358 and rs7412. Automated sequence analysis (Agent, Paracel; Celera Genomics, Alameda, CA) was used to determine the nucleotide sequence position and allele for each SNP. APOE alleles were classified as having an´2,´3, or´4 isoform. Participants were distinguished using a binary categorical variable, where one could be classified as "non-APOE4" (no´4 allele present) or "APOE" (one or two´4 alleles present).
RAVLT
Each participant was tested on the RAVLT (32) as previously described (27) . This 15-item verbal list-learning test is an important predictor of conversion to Alzheimer disease (33) . We examined the total score of encoding trials 1-5, the short delay free recall trial, and the longdelay free recall trial.
MRI acquisition
As previously described (28), a T1-weighted three-dimensional fast spoiled gradient-echo scan was acquired across three similar 3T General Electric (Waukesha, WI) scanners to assess regional brain volume. Among a subset of 121 participants, a follow-up scan was collected~4 years later on a single scanner. Scanner type was included as a covariate in the baseline statistical analyses. A radiologist inspected anatomical images for potential abnormalities that would preclude their use in voxel-wise analyses.
MRI preprocessing
Cross-sectional. T1-weighted images acquired at baseline were first processed using a unified segmentation routine (34) in the package Statistical Parametric Mapping 8 (SPM8; http://www.fil.ion.ucl.ac. uk/spm/software/spm8/). In brief, for a given brain, the SPM8 "new segmentation" toolbox simultaneously 1) uses affine normalization and nonlinear deformation warping to overlap the baseline brain image with the Montreal Neurologic Institute (MNI) neural atlas space and 2) uses prior probability maps to parse the brain into spatially distinct tissue classes, including gray matter, white matter, cerebrospinal fluid, bone, fat, and unclassified tissue. This process automatically minimizes intensity nonuniformities. Tissue class maps were modulated to preserve individual variations in brain volume. An 8-mm Gaussian smoothing kernel was applied to maximize the signal-tonoise ratio, correct for minor alignment errors, and facilitate comparison across subjects.
Longitudinal. To assess atrophy specific to gray matter volume, we modulated the baseline scan by the degree of volumetric change between it and a follow-up MRI using a modified tensor-based morphometry procedure (35) . A schematic summary of the procedure is provided in Supplementary Fig. 1 . First, follow-up images were linearly coregistered to baseline images for each participant without reslicing, followed by high-dimensional warping to maximize spatial conformity via a nonlinear deformation field. This step produced a three-dimensional map of Jacobian determinants for each participant, which represents the degree of contraction or expansion required to transform a given voxel from the followup scan to the same voxel space in the baseline scan. This Jacobian map was aligned to MNI space using the transformational matrix from the segmentation step described above. This MNI-normalized Jacobian map was then multiplied by the baseline gray matter image in MNI space for each participant. The resultant image represents regional gray matter at baseline modulated by change over time, which is an index of progressive brain atrophy.
Region of interest. To confirm and extend voxel-wise analyses, we used an independent region-of-interest approach to avoid circular analysis (23) . Mean gray matter volume in a single region of interest spanning both hippocampus and parahippocampus was extracted from baseline and follow-up scans. Regions were specified using the Wake Forest PickAtlas in SPM8 (http://fmri.wfubmc. edu/software/PickAtlas). These estimates were correlated with HOMA-IR and RAVLT at baseline and follow-up.
Voxel-wise statistics
For voxel-wise analyses, multiple regression models were tested in SPM8 using a single design matrix. The predictor of interest was either HOMA-IR or the HOMA-IR by diabetes status interaction. The dependent variable was the baseline gray matter image for cross-sectional analyses, while Jacobian-adjusted gray matter images were used for longitudinal analyses. Covariates included age, sex, family history, APOE status, MRI scanner, the number of days elapsed between the scan and blood sample collection, BMI, and diabetes status (normoglycemic vs. pre-and type 2 diabetes). Global gray matter was used as an additional covariate at baseline to adjust for brain size. This covariate was not necessary in longitudinal analyses because a global deformation field already removed variance related to differences in total brain size.
The probability values for voxel and cluster thresholds were 0.005 (uncorrected) and 0.05 (corrected), respectively. Results were considered significant at the cluster level. We minimized type 1 error by first using a threshold of 0.2 to ensure that voxels with ,20% likelihood of being gray matter were not analyzed. Next, Monte Carlo simulations in AlphaSim (http://afni.nimh.nih.gov/afni/doc/ manual/alphasim) were used to estimate the required number of contiguous voxels needed for a cluster to occur at P , 0.05. To ensure that this estimate was not biased by nonstationarity (36), we used SPM8 to render volumetric images uniformly smooth.
Nonvoxel statistics
All other analyses were conducted in SPSS 19.0 (SPSS, Chicago, IL). a was set at 0.05. A classic mediation approach (37) was used to examine whether less gray matter in the hippocampal and parahippocampal region of interest, either at baseline or with progressive atrophy, mediated worse RAVLT performance due to higher HOMA-IR values. Thus, partial correlations were conducted using the same covariates as the voxel-wise analyses. This correlational approach is comparable with previous reports that assessed interrelationships between care.diabetesjournals.org DIABETES CARE, VOLUME 36, FEBRUARY 2013 445 insulin resistance, gray matter volume, and cognition (3). Path analysis or other advanced techniques were not used because of insufficient sample size in the longitudinal analysis. Logarithmic or square root transformations were used to improve data normality or variance uniformity (i.e., homoscedasticity).
RESULTS

Participant information
Demographics, genotype data, laboratory measures from blood, and RAVLT scores for both baseline and follow-up visits are listed in Table 1 .
Voxel-wise analyses HOMA-IR. No significant effect of scanner type was found. Across all 372 participants, higher HOMA-IR was significantly associated with less gray matter at baseline in several regions implicated in early Alzheimer disease. For instance, two bilateral clusters were found in medial temporal lobe, which included anterior hippocampus and parahippocampus ( Fig. 1 and Supplementary Table 1 ). The clusters also included middle and superior temporal pole, insula, and prefrontal gyri and most of cingulate gyrus, although little coverage was noted in posterior cingulate cortex. Additional subcortical structures included the amygdala, striatum, and pallidium. In the posterior and dorsal portions of brain, higher HOMA-IR predicted lower gray matter in inferior and superior parietal gyri, precuneus, paracentral lobule, occipital lobe, and anterior cerebellum. A subsequent analysis of 121 individuals examined to what degree higher HOMA-IR predicted progressive atrophy in gray matter between the baseline and follow-up MRI scans. A representative voxel in occipital lobe (Fig. 2) indicates that, compared with the cross-sectional analysis, higher insulin resistance predicted less gray matter to a stronger extent. Akin to baseline results, this association produced large clusters that encompassed parietal gyri and precuneus and much of cingulate cortex (Supplementary Table 2 ). Rostral areas included anterior hippocampus, parahippocampus, temporal pole, and prefrontal gyri. Edge effects were not responsible for any clusters generated. HOMA-IR and diabetes status. It was worthwhile to examine whether there were unique associations between insulin resistance and gray matter volume in participants with prediabetes or type 2 diabetes. Initially, a HOMA-IR 3 diabetes status interaction produced no significant clusters. For exploratory purposes, we also separately regressed HOMA-IR onto baseline gray matter volume for a single group of participants with prediabetes (n = 95) and type 2 diabetes (n = 7). Only one cluster attained significance in left fusiform gyrus (maximum at 234, 236, and 217, t = 3.90, number of voxels = 391). For longitudinal data, a HOMA-IR 3 diabetes status interaction produced no significant clusters among 84 adults with normal glycemic values versus 38 persons with prediabetes (n = 35) or type 2 diabetes (n = 3). A separate analysis of individuals with prediabetes and type 2 diabetes was not conducted because of small sample size.
HOMA-IR, cognition, and region-of-interest analyses
Partial correlation analysis was used to assess interrelationships between insulin resistance, gray matter in medial temporal lobe, and RAVLT scores. Our primary interest was to examine whether higher insulin resistance would significantly predict lower gray matter, where that relationship in turn would mediate lower RAVLT scores. Change in cognition over time was calculated by taking RAVLT scores at follow-up and subtracting out the baseline RAVLT values. Covariates were the same as the voxel-wise analyses and included age, sex, family history, APOE status, MRI scanner, the number of days between the scan and when blood samples were obtained, BMI, and type 2 diabetes status, as well as global gray matter for baseline analyses. (See RESEARCH DESIGN AND METHODS.)
For baseline data, higher HOMA-IR was modestly related to lower mean hippocampal and parahippocampal volume (partial R 2 = 0.01, P # 0.05). Neither gray matter nor HOMA-IR was correlated with baseline RAVLT trial scores (data not shown). These results suggest that insulin resistance did not influence cognition directly or through associations with gray matter at baseline.
For longitudinal data, higher HOMA-IR predicted progressive atrophy in the gray matter region of interest (partial R 2 = 0.025, P # 0.05). HOMA-IR itself was significantly correlated with worse performance over time in encoding trials 1-5 (partial R 2 = 0.027, P # 0.05) but not the short delay (partial R 2 = 4 3 10
26
, N.S.) or extended delay (partial R 2 = 8 3 10
24
, N.S.) trials (Supplementary Fig. 2A ). As mentioned above and depicted in Supplementary Fig. 2B , higher HOMA-IR also predicted progressive atrophy in the region encompassing hippocampus and parahippocampus. Finally, gray matter atrophy was related to lower RAVLT scores over time in the short delay (partial R 2 = 0.048, P # 0.05) and extended delay (partial R 2 = 0.050, P # 0.05) tasks but not encoding trials 1-5 initially (partial R 2 = 0.016, P = 0.100). However, when covarying out the effect of HOMA-IR, progressive atrophy did predict worse RAVLT performance in trials 1-5 as shown in Supplementary Fig. 2C (partial R 2 = 0.027, P # 0.05). While this result is atypical for classical mediation (37) , it nonetheless suggests that higher HOMA-IR is associated with lower medial temporal lobe volume, a relationship that may mediate worse RAVLT encoding performance.
CONCLUSIONSdIn this study of late middle-aged, asymptomatic adults in the WRAP cohort, separate voxel-wise and region-of-interest results indicated that HOMA-IR was significantly associated across 372 participants with less baseline gray matter volume in brain areas affected by early Alzheimer disease. These findings were stronger when examining progressive gray matter atrophy over a roughly 4-year period in a consecutive subset of 121 people. There were also small correlations between insulin resistance, gray matter in a region of anterior medial temporal lobe, and the RAVLT. While prediabetes or type 2 diabetes based on fasting glucose levels did not significantly influence these relationships, there were few participants with type 2 diabetes. Nonetheless, Benedict et al. (16) indicated that higher HOMA-IR was not uniquely associated with gray matter volume in geriatric adults with type 1 or 2 diabetes versus the full cohort. Given the potent influence that insulin resistance can have on glucose uptake when prediabetes or type 2 diabetes is present (22), additional longitudinal studies are needed that incorporate more late middle-aged people with glucoregulatory dysfunction. For voxel-wise analyses, several of the brain regions evincing insulin resistancerelated atrophy were similar to those showing change in early Alzheimer disease. Most studies to date have found that measures of insulin resistance correspond to lower hippocampal volume either cross-sectionally (3,13) or longitudinally (14) . In our sample, this association was predominantly found in anterior hippocampus abutting the amygdala and parahippocampus. This result is important because morphological changes in entorhinal cortex and anterior hippocampus, particularly the cornu ammonis fields, are sensitive to mild cognitive impairment and early Alzheimer disease relative to normative aging (25, 26) . Insulin resistance may affect more posterior portions of hippocampus in at-risk participants as they become older. However, higher insulin resistance in a cross-section of healthy aged adults did not correspond to lower hippocampal volume as assessed by MRI (16) .
Insulin resistance also predicted lower baseline gray matter and more volumetric atrophy over time along a neuroaxis spanning from subgenual cingulate to orbitofrontal and dorsolateral cortices and then caudally to precuneus and superior parietal areas. Annual atrophy rates in very early mild cognitive impairment up to early Alzheimer disease illustrate a similar pattern (38) . Higher insulin levels, typical of insulin resistance, have also been paradoxically associated with ameliorative rather than pathological changes in cingulate cortex in early Alzheimer disease (17) . Curiously, however, HOMA-IR in this study was not associated with gray matter in most of the posterior cingulate gyrus. HOMA-IR dysregulates basal and task-based glucose uptake in this area among aged participants with prediabetes or type 2 diabetes (22) . Although insulin resistance in late middle age may not induce pronounced atrophy via hypometabolism in posterior cingulate cortex, energy dysregulation in this area is nonetheless an important factor in Alzheimer disease (39) .
The associations between HOMA-IR, an independently chosen region of interest, including hippocampus and parahippocampus, and RAVLT scores were modest but consistent. HOMA-IR predicted less gray matter in this region at baseline, as well as increased progressive atrophy over the course of~4 years. These regions are some of the first areas to show atrophy in mild cognitive impairment or Alzheimer disease (38, 40) . Baseline volume in medial temporal lobe or HOMA-IR did not predict deficits in memory at baseline. By contrast, progressive atrophy in hippocampus and parahippocampus appeared to mediate lower encoding trial performance due to higher HOMA-IR. Although RAVLT delayed recall is an important predictor of conversion from the asymptomatic phase to mild cognitive impairment or directly to Alzheimer disease (33) , deficits in encoding are also characteristic of the disease. It is therefore of interest to continue examining this cohort to see whether these relationships remain and possibly become stronger over time as individuals in the WRAP cohort begin to show cognitive decline.
There are several limitations that should be addressed. Although several participants had prediabetes, there were few cases of type 2 diabetes. This deficit limits the ability to compare current results with other studies with a proportionally larger glucoregulatory disease cohort (22) . Furthermore, data were not available to ascertain whether duration of prediabetes or type 2 diabetes might have affected analyses pertaining to hyperglycemia. Although BMI was used as an index of obesity, waist circumference would have been a more sensitive index. While HOMA-IR, medial temporal gray matter atrophy, and RAVLT scores were significantly associated with one another, these correlations were small. In middleaged participants, however, there is minimal atrophy and subtle variation in cognition relative to mild cognitive impairment or Alzheimer disease in aged individuals. It was also beyond the scope of this report to investigate biological mechanisms that could underlie the association between insulin resistance, brain, and cognition, such as proinflammatory cytokine expression, mitochondrial dysfunction, microvascular damage, or deficits in glucose uptake and amyloid clearance. Such analyses require future studies to focus on those physiological parameters. Finally, despite associations between HOMA-IR and gray matter volume at baseline and follow-up, it is not appropriate to make direct causal inferences based on these findings.
In conclusion, our study suggests that insulin resistance may be a risk factor for the development of atrophy and cognitive deficits reminiscent of Alzheimer disease. Among late middle-aged participants, HOMA-IR predicted gray matter atrophy in cingulate cortices, medial temporal lobe, prefrontal gyri, and other regions that are sensitive to Alzheimer disease pathogenesis. HOMA-IR was also related to worse RAVLT encoding performance. Progressive medial temporal atrophy but not baseline gray matter also predicted significant decreases in RAVLT scores. Finally, HOMA-IR predicted medial temporal atrophy, which in turn mediated lower RAVLT encoding performance. It will be worthwhile to extend these results by examining whether HOMA-IR is related to lower glucose uptake, increased amyloid b binding, or other factors that precipitate neural atrophy and disease onset. No potential conflicts of interest relevant to this article were reported.
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